The phosphoprotein pp65 (ppUL83) of human cytomegalovirus (HCMV) is abundantly synthesized during lytic infection in cultured fibroblasts. As a major constituent of extracellular particles, it gains entry to infected cells immediately after adsorption and subsequently translocates to the cell nucleus. This efficient transport is mediated by unique nuclear localization signals. To study the function of pp65, a viral deletion mutant was constructed by replacing the pp65 gene with the bacterial neomycin phosphotransferase gene, driven by the simian virus 40 early promoter. The resulting virus, RVAd65, could be grown and selected on human fibroblasts without complementation. The deletion of the pp65 gene in RVAd65 was verified by using Southern blot and PCR analyses. The lack of expression from the gene was investigated by immunoblotting with pp65-specific monoclonal antibodies. Single-cycle growth analyses showed that RVAd65 grew to levels of infectivity comparable to those of the wild-type virus. Therefore, pp65 is nonessential for the growth of HCMV in human fibroblasts. Electron microscopy revealed no differences in the processes of virion morphogenesis, although the maturation appeared to be delayed. However, the kinetics of expression of the immediate-early genes UL122 and UL123, the early gene UL44, and the late gene UL32 were the same in RVAd65-infected cells as in wild-type virus-infected cells in immunoblot analyses. In vitro phosphorylation assays showed that some of the virion proteins were labelled to a markedly reduced extent by virion-associated kinases in RVAd65 compared with wild-type virus. We therefore conclude that although deletion of the pp65 gene does not abolish replication of HCMV, a recombinant virus lacking pp65 displays phenotypic alterations compared with wild-type virus during growth in cultured fibroblasts.
Human cytomegalovirus (HCMV), a betaherpesvirus, causes significant morbidity and mortality in individuals with immature or compromised immune functions (2, 18) . Its DNA genome of 230 kbp has the capacity to encode more than 200 different polypeptides (6) . However, only limited information is currently available about the functions of most of these proteins and their roles in permissive and latent infection.
The genes of HCMV are expressed in a cascade fashion (reviewed in references 30 and 47) . Transcription of the immediate-early (IE) genes occurs without preceding viral protein expression in a variety of different host cells. Synthesis of IE-regulatory proteins is a prerequisite for transcription of early genes. Some of these early genes encode proteins that are necessary for the replication of the DNA genome of HCMV (34) . Early gene expression is detectable to different extents in cells that are nonpermissive for HCMV replication. In contrast, late gene expression has been demonstrated only in cells that are permissive for the synthesis of viral progeny (reviewed in reference 30). The nature of the block in HCMV gene expression in nonpermissive cells is not understood.
In permissive culture cells, structural components of the virus particles are synthesized mainly in the late phase after the initiation of DNA replication (for a review, see reference 45) . Viral capsids are assembled in the nuclei of infected cells and subsequently bud through the nuclear membrane. Recent studies indicate that envelopment of HCMV particles and egress from the cell are mediated by the early endosomal compartment (48) . However, the exact mechanism and the site of the acquisition of the viral tegument in the process of virion assembly have not been determined.
The tegument or matrix of herpesviruses has been shown to contain a number of functionally important proteins (39) . One example is the UL48 gene (also called VP16, ␣-TIF, or VMW65) product of herpes simplex virus (HSV), which is critical for the initiation of ␣-gene expression immediately after entry of the virus into the cell (reviewed in reference 32). In HCMV, several constituents of the viral tegument have been described (for a review, see reference 12). However, the structural and functional relevance of the different tegument proteins is generally unknown, except for the product of UL82 (pp71), which has been shown to be a transactivator of promoters containing upstream ATF or AP1 binding sites (28, 45) . One of the most abundantly synthesized HCMV proteins in cultured fibroblasts is the phosphorylated protein pp65, encoded by UL83 (6, 41) . There have been reports that this protein is glycosylated (7) . By using biochemical analyses, pp65 was found being a constituent of all three forms of extracellular particles synthesized in culture fibroblasts (20) , namely, infectious virions, noninfectious enveloped particles (NIEPs), and enveloped electron dense structures (dense bodies [DBs] ). NIEPs show a composition of structural proteins comparable to virions. DBs are enveloped structures which are highly heterogeneous in size and consist of over 90% pp65. Both defective particles lack viral DNA. By immunoelectron microscopy, pp65 could be demonstrated in DBs but not in virions and NIEPs (17, 27) . The protein can be detected in the nuclei of infected cells very early after infection before the onset of viral gene expression (3, 10, 16, 53) . After incubation of culture cells with purified virions and DBs, pp65 is immediately transported to the cell nucleus within minutes postinfection (p.i.) (42) . This process is mediated by at least two different nuclear localization signals. One of these targeting motifs was demonstrated to be a unique bipartite-type nuclear localization signal (42) . Its rapid nuclear transport indicates that pp65 may have an important function in the initiation of viral gene expression and replication.
To assess the function of pp65 in viral replication, we attempted to generate an HCMV mutant defective for the synthesis of pp65. To do so, the bacterial neomycin phosphotransferase (neo) gene, driven by the simian virus 40 (SV40) early promoter, was inserted into the HCMV genome by homologous recombination, thereby deleting most of the UL83 open reading frame. Expression of the neo gene from recombinant genomes was used to enrich for viral mutants (52) . A pp65-negative virus which grew very efficiently in fibroblasts without complementation could be selected and purified. This is the first time that a recombinant HCMV which is defective in the expression of an abundant component of the virus has become available.
MATERIALS AND METHODS

Cells and virus.
Human foreskin fibroblasts (HFF) were grown in minimal essential medium supplemented with glutamine, gentamicin, and 5% fetal calf serum. U373-MG astrocytoma cells (ATCC HTB 17) were grown in Dulbecco's modified Eagle's medium supplemented with glutamine, gentamicin, and 5% fetal calf serum. Recombinant viruses were derived from HCMV strain Ad169 (40) .
Viral particles from infected cultured fibroblasts were purified by positive density-negative viscosity centrifugation using glycerol-tartrate gradients (20) . Different preparations were frozen at Ϫ80ЊC. One sample of each preparation was thawed and assayed for infectivity. For this, HFF were seeded in 24-well plates and subsequently infected with fivefold dilutions of the respective preparations. After an adsorption period of 1 h, cells were overlaid with minimal essential medium containing 0.3% agarose. Plaque formation was quantitated at 10 days p.i.
Generation of recombinant virus. For the construction of recombinant virus, recombination plasmid pBRd65neo was constructed as follows. Plasmid pBamHI R, containing the 6.2-kb BamHI R fragment of HCMV, was digested with EcoRV and NsiI, thereby deleting the whole UL83 open reading frame except for 34 bp downstream of the initiating ATG and 35 bp upstream of the terminating TGA. The neo expression cassette, consisting of the SV40 early promoter, the open reading frame for the neo gene, and the SV40 poly(A) signal, was obtained by linearizing plasmid pBluescript-neo (52) with XbaI, filling in the protruding ends, and subsequently digesting with NsiI. To facilitate the recombination event, pBRd65neo was linearized with XhoI, extracted with phenolchloroform, and precipitated. DNA transfection was performed by the calcium phosphate coprecipitation technique (1) . HFF, seeded overnight at a ratio of 10 6 in 10-cm-diameter plastic dishes, were transfected with 2 g of DNA. Three hours after removal of the precipitate, the cells were infected with Ad169 with a multiplicity of infection (MOI) of about 0.05. To enrich for recombinant virus, selection with a nonlethal dose of G418 (100 g/ml) was initiated at 6 h p.i. After three culture passages in the presence of G418, infected HFF extracts were analyzed for neo activity by using a kanamycin phosphorylation assay (52) . Subsequently, recombinant viruses were plaque purified three times.
Immunoblotting, immunofluorescence, and antibodies. Sodium dodecyl sulfate (SDS)polyacrylamide gel electrophoresis and immunoblot analyses were carried out as described before (42) . For immunoreactions, specific monoclonal antibodies (MAbs) directed against pp65 (MAb 28-77), against IE1 pp72 (UL123) and IE2 pp86 (UL122) (MAb HA3.551), against the early DNA-binding protein p52 (UL44; MAb BS510), against the UL84 protein (NSI UL84 36-1), and against the tegument protein pp150 (UL32; MAb XP1) were used (21, 35, 51) . As a control that equal amounts of protein were subjected to analysis, a MAb directed against vimentin (Sigma, Munich, Germany) was used. Immunofluorescence analyses of infected cells were carried out by using glass chamber slides as described before (42) . For the detection of pp71, a polyspecific rabbit antiserum (Eurogentec, Seraing, Belgium) was generated. For immunization, amino acids 188 to 389 of pp71 were expressed in Escherichia coli as a glutathione S-transferase fusion protein (50) .
Isolation of viral DNA. Viral particles were collected from the supernatant of late-stage-infected HFF by centrifugation (24,000 rpm for 1 h in an SW28 rotor). Pellets were resuspended in 1% SDS-50 mM Tris (pH 7.5)-10 mM EDTA, and proteinase K (50 g/ml) was added. After incubation at 37ЊC for 30 min, the samples were extracted with phenol-chloroform and subjected to ethanol precipitation.
PCR analysis. PCR analysis of purified viral DNA was done according to standard protocols (19) . pp65 primers 3 (5Ј-TCGGGACTGGCCTGGACGCG-3Ј) and 4 (5Ј-CTCGCTGTACTGAGGCCCGCG-3Ј) and IE primers R1 (5Ј ACAGTCAGCTGAGTCTGGGAGAC-3Ј) and R2 (5Ј-GTGCTCCTTGATTC TATGCCG 3Ј) were selected to amplify fragments from sequences encoding the open reading frames for pp65 (UL83) and IE1 (UL123). For amplification of pp65-specific DNA sequences, 40 cycles of PCR were performed at 94ЊC for 30 s, 45ЊC for 45 s, and 72ЊC for 60 s. For the amplification of IE-specific DNA sequences, 40 cycles of PCR were performed at 94ЊC for 60 s, 57ЊC for 60 s, and 72ЊC for 60 s.
Southern blot analysis. Purified viral DNA was cleaved with either BamHI or HindIII and separated on 0.6% agarose gels. After transfer to nitrocellulose membranes, the filters were probed with either an NarI-RsrII fragment from pBluescript-neo or an EcoRV fragment from pBamHI R, radiolabelled with [␣-32 P]dATP as described by Feinberg and Vogelstein (9) . For hybridization to fragments obtained by PCR, a synthetic oligonucleotide from the pp65 open reading frame was used. Hybridization was carried out at room temperature in a buffer containing 25% formamide. Washing was carried out at 42ЊC in a buffer containing 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% SDS.
In vitro phosphorylation assay. Phosphorylation of viral proteins in vitro was carried out as described before (22) . Labelled proteins were subjected to SDSpolyacrylamide gel electrophoreses using 12.5% gels. Gels were dried and subjected to autoradiography. Quantitation of specific bands was carried out with a Fujix BAS 2000 digital phosphoimaging system. Electron microscopy. HFF (1.5 ϫ 10 6 cells) were grown on 35-mm-diameter plastic dishes and infected with either Ad169 or RVAd65. At 3 and 6 days p.i., the monolayer was incubated with horseradish peroxidase (HRP) with a specific activity of 938 U/mg (Serva, Heidelberg, Germany) at a concentration of 10 mg/ml for 60 min to visualize the tubular endosome involved in viral envelopment (48) . After incubation with HRP, cells were washed with ice-cold phosphate-buffered saline and fixed in 0.5% glutaraldehyde in 200 mM cacodylate buffer (pH 7.4) for 30 min. Immediately after fixation, cells were washed with buffer, incubated with diaminobenzidine (1 mg/ml) in 200 mM cacodylate for 1 min, and then incubated for 40 min in diaminobenzidine and 0.012% H 2 O 2 . The reaction was stopped by washing the mixture with buffer, and cells were postfixed in 1% OsO 4 -1.5% potassium ferrocyanide for 60 min at room temperature. Cells were subsequently washed in distilled water and soaked in 0.5% magnesium uranyl acetate at 4ЊC. After dehydration in a graded series of ethanol, they were flat embedded in Epon. Sections varying in thickness from 50 to 250 nm were cut and examined either uncontrasted or contrasted with lead citrate in a Zeiss electron microscope.
RESULTS
Construction of a pp65 deletion mutant of HCMV.
For the generation of a pp65 deletion mutant, the recombination plasmid pBRd65neo, in which most of the coding sequence of pp65 (UL83) was deleted and replaced by the bacterial neo gene, was constructed (Fig. 1) . The expression cassette contained the SV40 early promoter without the 72-bp repeat region inserted upstream of the neo gene. This sequence was flanked by approximately 1.7 and 2.9 kb of HCMV sequences derived from the BamHI R fragment of strain Ad169 (14) . The direction of transcription of the neo gene was opposite the direction of the original transcription from the pp65 gene. After transfection of viral DNA into HFF, the cells were superinfected with HCMV strain Ad169. G418 was added to the culture media to enrich for viral mutants carrying the neo gene. Subsequent to the development of late cytopathic effect in such cultures, the infectious supernatant was used for passage on HFF in the presence of G418. After three cycles, infected cells were tested for neo activity by using a kanamycin phosphorylation assay (52) . Phosphorylation of kanamycin was found in those cells that had been infected with supernatant derived from pBRd65-transfected and infected cells but not in Ad169-infected con-trols (data not shown). This result indicated that a viral recombinant that carried the neo gene had been generated.
To isolate pp65-deficient mutants from wild-type virus, plaque purification was carried out. Purified viruses were subsequently tested for the expression of pp65 by immunoblot analyses, and residual amounts of pp65 were found in all samples tested (data not shown). Therefore, these viruses were passaged again three times by using G418 selection and subsequently plaque purified. After this procedure had been repeated a third time, the DNA of the resulting viruses was tested in PCR analyses for the presence of sequences from the pp65 gene region. One example of an experiment with such a recombinant virus is shown in Fig. 2 . A primer pair that amplified a 606-bp fragment from the internal region of the pp65 gene was chosen. When plasmid DNA or viral DNA purified from Ad169 particles was analyzed, a band of the expected size was detectable after agarose gel electrophoresis. No amplification was found when DNA purified from recombinant viruses was used, indicating that the respective DNA sequences had been deleted. A second primer pair that amplified a DNA fragment of 346 bp from the IE gene region of HCMV was taken as a positive control ( Fig. 2A) . To exclude the possibility that amounts of DNA undetectable by ethidium bromide staining were present, Southern blot hybridization with an internal pp65-specific oligonucleotide was performed (Fig. 2C) . Again a specific signal was obtained only with plasmid DNA and Ad169 DNA, not with DNA from RVAd65. These results indicated that the DNA region encoding pp65 was absent from preparations of recombinant viruses. One of these recombinant viruses, isolated after the third plaque purification, was named RVAd65 and was taken for further analyses.
For confirmation that pp65 was no longer synthesized in cells infected by RVAd65, immunoblot analyses were performed. For this, proteins from Ad169-and RVAd65-infected HFF and proteins from extracellular particles collected by centrifugation were examined (Fig. 3A) . In preparations derived from Ad169-infected cells, pp65 could be readily detected with MAb 28-77. Expression of pp65 could be detected neither in cell lysates nor in extracellular particles from cultures infected with RVAd65. Next, the different forms of extracellular particles from Ad169-and RVAd65-infected cultures were tested in immunoblots. Virions, NIEPs, and DBs were purified as described by Irmiere and Gibson (20) . Glycerol-tartrate gradients used for the separation of particles from Ad169-infected cultures showed two bands corresponding to virions and NIEPs and a smear containing the DB fraction. Gradients used for RVAd65 also showed two bands but were devoid of the DB fraction (data not shown). These results indicated that no DBs were synthesized in RVAd65-infected cells. As DBs consist of over 90% pp65, this result was taken as another indication that the pp65 gene had been deleted in RVAd65. The different fractions of extracellular particles were subjected to immunoblot analyses ( Fig. 3B and C) . In Ad169 preparations, pp65 could be detected in all three particle fractions. In contrast, no pp65 was detectable in RVAd65 preparations. As a control, all fractions were also probed with a MAb directed against the large tegument protein pp150. This protein could be demonstrated in both the virions and the NIEP fractions of Ad169 and RVAd65 (Fig. 3C) , indicating that comparable amounts of protein had been subjected to analysis. These experiments showed that no pp65 was made in RVAd65-infected cells and that extracellular particles were devoid of pp65.
To verify that the genome structure of RVAd65 was as expected from homologous recombination within the UL83 gene region, and to exclude alterations of the genome structure at distant locations, restriction analyses and Southern blots were carried out. Viral DNA was purified from extracellular particles and cleaved with restriction enzyme BamHI or HindIII. Alterations in the restriction pattern in RVAd65 DNA were as expected from homologous recombination of the neo expression cassette into the pp65 locus (Fig. 4) . No other alterations of the genome structure of RVAd65 compared with Ad169 could be detected.
To demonstrate that the changes seen in the DNA of RVAd65 were due to specific insertion of the neo gene, duplicate filters were hybridized with either a pp65-specific DNA fragment or a neo-specific DNA fragment (Fig. 4) . In DNA prepared from Ad169 particles, specific hybridization was found only with the pp65-specific DNA fragment. This probe hybridized to the 6.2-kb BamHI R fragment and to the 1.5-kb HindIII b fragment. When the neo-specific fragment was used, only DNA from RVAd65 particles showed specific hybridization. This probe detected a 5.6-kb BamHI fragment and a 2.8-kb HindIII fragment, which were generated by correct insertion of the neo gene (Fig. 4) . These experiments showed that RVAd65 had the correct changes in the restriction pattern as expected from homologous recombination of the neo gene into UL83 and that no structural alterations other than that were detectable in the HCMV genome.
To verify that the expression of genes adjacent to the integration site was retained after the replacement of pp65 in RVAd65, additional experiments were carried out. The expression of the adjacent gene encoding pp71 (UL82) was tested in immunoblot analyses using a rabbit antiserum against pp71. When extracellular particles were probed, pp71 could be detected in NIEPs and virions from the RVAd65-infected fibroblast supernatant (Fig. 5) . Thus, the expression of pp71 was not impaired by the recombination. To verify that the UL84 gene was expressed, indirect immunofluorescence using a MAb directed against the UL84 gene product was used. The latter gene had been shown to be essential for the replication of HCMV DNA from the lytic origin (34) . When fibroblasts were infected with RVAd65, the expression of UL84 could be seen to an extent comparable to that of Ad169 (data not shown). Therefore, the expression of the genes adjacent to the neo insertion site appeared to be unaltered. Taken together, these experiments showed that a recombinant virus defective for the expression of pp65 had been generated. From this finding, it can be concluded that pp65 is nonessential for replication of HCMV in permissive fibroblasts.
Deletion of pp65 does not lead to significant impairment of growth in cell culture. During passage of RVAd65 in HFF culture, no significant difference from the parental strain Ad169 was noted; a comparable cytopathic effect developed at about 5 to 7 days p.i., and passaging of extracellular virus was achieved by using the same amount of culture supernatant (50 to 150 l/75-cm 2 flask) as with Ad169 (not shown). To more accurately assess the production of infectious virus in RVAd65-infected HFF, single-cycle growth analyses were carried out. For this, cells were infected with purified virions at an MOI of 0.05. Culture supernatant was removed at different time intervals p.i. and frozen at Ϫ80ЊC until further analysis. Infectivity was evaluated on HFF by counting the formation of typical plaques. As shown in Fig. 6 , no significant differences in the synthesis of infectious extracellular particles in Ad169-infected cultures and RVAd65-infected cultures were found. Peak titers obtained at 8 to 10 days after low-MOI infection were repeatedly in the same range irrespective of variations in the initial stage. These results indicated that the production of infectious virus was not significantly impaired by the deletion of pp65; comparable results were also obtained when a high MOI was used (data not shown).
Virus-maturation in HFF appears to be unaltered in pp65 deletion mutants. In the past, pp65 had been considered to be an important structural component of infectious virus particles of HCMV. To elucidate whether alterations in the morphogenesis of HCMV could be observed in late-stage-infected fibroblasts, electron microscopy was carried out. Figure 7 demonstrates that despite the deletion of the pp65 gene, the major stages of nuclear and cytoplasmic viral maturation occur in RVAd65 as they do in Ad169. HCMV morphogenesis starts in the nucleus with the formation of early and late capsids, referred to as A, B, and C capsids (13, 30, 37) . A capsids are composed of four abundant and a number of less abundant proteins. At the ultrastructural level, they appear as a round shell structure measuring 100 to 125 m in diameter. B capsids contain, in addition to the outer shell, an inner protein scaffold, which measures 40 to 50 m in diameter. Maturation of B capsids into C capsids involves packaging of viral DNA, possibly associated with the removal of the inner scaffold. Following acquisition of the tegument proteins, nucleocapsids are released from the nucleus. In late-stage infection of HFF with RVAd65, A, B, and C capsids could be clearly distinguished as either a single-or double-ring structure or DNA-containing nucleocapsids, while the acquisition of the tegument was structurally less evident in the nucleus (Fig. 7a) . No alterations in the morphology of nuclear structures could be observed in comparison with infections with Ad169 (48). In addition, the process of budding through the nuclear membranes was morphologically indistinguishable from that seen with the parental HCMV strain (Fig. 7b and c) . The transport of HCMV particles is assumed to be mediated by two consecutive budding steps at the inner and outer nuclear membranes (37), as deduced from the accumulation of numerous unenveloped particles in the perinuclear region (arrows in Fig. 7c) .
Finally, the envelopment of nucleocapsids occurs in association with the tubular endosome, a network of fine tubules in the vicinity of the Golgi complex and around the centriole (48) . This process can be visualized by uptake of fluid-phase markers such as HRP. As shown in Fig. 7d and e, no differences in the envelopment of RVAd65 compared with the previously 5962 SCHMOLKE ET AL. J. VIROL.
described envelopment of Ad169 (48) were observed. Figure  7d shows a lower magnification of the tubular endosome filled with HRP and numerous viral particles in the process of envelopment. At high magnification, the double membrane deduced from the tubular endosome was seen as envelope around virions and NIEPs (Fig. 7e) . Virions are released from the cell by fusion of the outer membrane with the plasma membrane; thus, extracellular virions had only one membrane (Fig. 7f) . In summary, no significant fine structural differences in any of the different HCMV maturation steps could be observed between Ad169 and RVAd65. It should be noted that cytopathic changes in the cell and the number and distribution of viral particles within the 6-day-infected RVAd65 fibroblasts corresponded to the alterations seen in Ad169-infected cells at 3 to 4 days p.i. (48) . Thus, the kinetics of virus maturation appeared to be delayed compared with the results of previous experiments in which Ad169 was used. Lack of pp65 does not lead to impairment of the kinetics of HCMV gene expression. Early nuclear transport of pp65 suggested that the protein may influence viral IE gene expression and thereby subsequent steps of viral replication. To investigate whether the expression of IE, early, or late genes was altered in RVAd65-infected cells, immunoblot analyses were carried out. HFF were infected with purified virions of RVAd65 and Ad169 at an MOI of 0.01. Cells were collected at 6 h, 24 h, 48 h, 72 h, and 7 days, and lysates were subjected to SDS-polyacrylamide gel electrophoresis. After transfer to nitrocellulose membranes, filters were probed with different MAbs. To investigate the expression from the major IE gene locus (UL122/123), we used MAb HA3.551, which is directed against sequences encoded by exon 3. Early gene expression was examined by using MAb BS510, directed against the DNAbinding protein p52 (UL44). Late gene expression was investigated with MAb XP1, directed against the tegument protein pp150 (UL32). No significant alterations in the kinetics of expression and the amount of proteins synthesized were found when RVAd65-infected and Ad169-infected cells were compared (Fig. 8) . Furthermore, no differences in the apparent molecular weights of the different proteins were detected. These results indicated that deletion of pp65 did not result in an apparent reduction of expression of some of the essential proteins belonging to the different kinetic classes of HCMV replication. 
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Deletion of pp65 leads to an impairment of virion-associated kinase activity. It had been suggested that pp65 is associated with protein kinase activity (3, 44) . In addition, it had been shown that purified HCMV particles are capable of in vitro phosphorylation of virion proteins (29, 38) . To investigate whether the deletion of pp65 influences the capacity of extracellular particles for in vitro phosphorylation, kinase assays were carried out with purified virions. A marked difference in the phosphorylation pattern of RVAd65 particles compared with Ad169 particles was observed (Fig. 9) . After gel electrophoresis and autoradiography, a hypophosphorylation of virion proteins of RVAd65 in the lower-molecular-weight range became evident (Fig. 9A) . One of the three hypophosphorylated proteins corresponded to the phosphoprotein pp28 (UL99), whereas the nature of the two other proteins is unclear. Phosphorylation of the proteins in the higher-molecular-weight range, especially of pp71 (UL82) and pp150 (UL32), appeared unaltered. The results were quantified with a digital phosphoimaging device. As can be seen in Fig. 9B , the labelling of the proteins in the lower-molecular-weight range in RVAd65 was significantly less than in Ad169, whereas no significant differences were observed for the proteins in the high-molecularweight range. These results show that the deletion of pp65 in a recombinant virus leads to a defect in virion-associated kinase activity.
DISCUSSION
The phosphoprotein pp65 of HCMV (31), also termed ppUL83 (45), lower matrix protein (11), gp64 (7), p66 (26), PK68 (44), or ICP27 (10), is one of the dominant polypeptides in particles purified from cell culture supernatant. Although its gene is transcriptionally active at early times after infection, newly synthesized pp65 can be found in high levels only at late times (8, 10) . During acute HCMV infection in immunocompromised individuals, pp65 can be readily detected in peripheral leukocyte preparations (16) . The absence of detectable amounts of pp65-specific RNA in these cells indicates that large amounts of the protein are synthesized in other cells in vivo and are subsequently acquired by leukocytes (15) . The process of uptake of pp65 by cells exposed to extracellular particles is well documented (3a, 10, 15, 16, 53) , and efficient nuclear transport has been recently demonstrated to be mediated by a unique nuclear localization signal in conjunction with auxiliary targeting sequences (42) . In addition, pp65 appears to be highly conserved between different strains of HCMV (33) .
The function of pp65 in virus infection has remained elusive. Its rapid nuclear transport immediately after infection suggests that pp65 is important for the initial events of viral replication, such as transcriptional activation of viral or cellular genes, yet no evidence for pp65 being a transcriptional transactivator could be found (28, 43) . In other herpesviruses, functional aspects of viral polypeptides have been assessed by the generation of viral mutants. In HCMV, this approach has been restricted thus far to genes which can be deleted without apparent impairment of viral replication in cultured fibroblasts (4, 23-25, 36, 46, 52) . We have recently developed a strategy to generate recombinant HCMV by using insertion of the bacterial neo gene into the viral genome (52) . The rationale for the experiments presented here was the assumption that any impairment of growth of a pp65-deficient virus might be compensated for by a selective advantage of cells infected with such a virus to grow in G418-supplemented media. This strategy proved to be successful, as three cycles of selection and plaque purification resulted in a virus that was devoid of the major portion of the pp65 gene. Thus, in contrast to what was thought before, the pp65 gene is not essential for HCMV replication in human fibroblasts. However, it should be noted that neomycin phosphotransferase is produced, to moderate levels (data not shown), in cells infected by RVAd65. Although it is highly unlikely, we cannot formally exclude the possibility that the expression of the neo gene has some effect on the replication of RVAd65. This issue is being investigated in an ongoing study on the phenotypic alterations seen after infection with the mutant virus. Plaque morphology on HFF and the period between infection and development of full lytic cytopathic effect were comparable for the two viruses. Thus, production of infectious virus in fibroblasts at late times after infection appeared to be unaffected by the lack of pp65. In addition, the recombinant virus RVAd65 grew comparably to parental Ad169 in the astrocytoma cell line U373-MG, which is moderately permissive for HCMV replication (not shown), indicat- ing that pp65 is also not essential in other types of cells. In repeated single-cycle growth analyses of infected fibroblasts, virus titers obtained at 6 to 10 days p.i. were always in the same order of magnitude when Ad169 and RVAd65 were compared. Concordant with that finding, the structures of virion particles seen in electron microscopy were indistinguishable between Ad169 and RVAd65. Therefore, the lack of pp65 apparently did not impair the morphogenesis of infectious virions. This observation appeared surprising, as pp65 had been suggested to be a major constituent of extracellular virions (11) . In contrast to these biochemical analyses, pp65 could not be demonstrated in virion particles by using immunoelectron microscopy (17, 27) . One explanation for this discrepancy might be that the content of pp65 in virions had been overestimated by the presence of contaminating DBs with equal densities in virion preparations. Therefore, the level of pp65 in infectious HCMV particles might be below the level of sensitivity of immunoelectron microscopy. Alternatively, pp65 might have been undetectable by this method because of an association with other tegument proteins in the virion, leading to masking of the reactive epitopes of pp65. The latter assumption would imply that a putative structural function of pp65 is complemented by another protein, leading to an unaltered morphology of virions in electron microscopy. However, no significant overexpression of any other viral proteins was observed on silver-stained protein gels of infected cells and particles (data not shown). Thorough analyses of the assembly process of RVAd65 are required to evaluate the relevance of pp65 for the different steps of HCMV morphogenesis.
Although the structure of intracellular particles seemed unaltered, the morphological appearance of HFF infected with RVAd65 for 6 days was markedly retarded compared with what was seen before for cells infected for 6 days with Ad169. The alterations of cellular structure and the number and distribution of viral particles in the cells were comparable to alterations seen in Ad169-infected cells at 3 to 4 days p.i. (48) . Somewhat surprising, however, was the finding that both viruses could be nonetheless routinely passaged with equal efficiency from infectious supernatant collected at 6 to 7 days p.i. This finding could be explained by the reduced production of defective particles and the absence of DBs in RVAd65-infected cells, thus resulting in a higher particle-to-infectivity ratio. However, additional investigations must be carried out to resolve this question. Some studies demonstrated association of protein kinase activity with pp65 (3, 44) . However, direct evidence that pp65 was a protein kinase had not been provided. Roby and Gibson (38) showed that fractionation of extracellular virion particles results in the separation of two different kinase activities. One of these activities phosphorylated virion proteins in the highermolecular-weight range, namely, the tegument proteins pp65, pp71, and pp150 (38) . This enzymatic activity did not copurify with pp65. The properties of this kinase differed from that of another virion-associated kinase (29) . Consistent with this finding, we did not observe impairment of phosphorylation of pp150 or pp71 in vitro in RVAd65 virions but found a marked reduction of phosphorylation of polypeptides in the lowermolecular-weight range. Therefore, at least one of the virionassociated protein kinases appears to be compromised by the deletion of pp65. From the data obtained, it remains unclear whether pp65 itself carries this enzymatic activity or whether pp65 is associated with a protein kinase which is not present or is inactive in RVAd65 particles.
Steady-state levels of proteins expressed with IE, early, or late kinetics in Ad169 appeared unaltered in RVAd65 when analyzed in immunoblots of infected HFF from 6 h to 7 days p.i. This finding suggests that pp65 deletion does not result in a gross alteration of the expression of viral regulatory functions important for the cascade fashion of lytic replication. However, pp65 might have modulatory effects on the expression of viral IE regulators which were not readily detectable under the experimental conditions used. The hypothesis of an early regulatory function for pp65 is substantiated by its analogy to the tegument protein VP8 of bovine herpesvirus type 1. pp65 shares a number of biological features with that protein (5, 49) , which in turn is homologous to a transcriptional modulator of HSV type 1 (HSV-1) IE gene expression, encoded by the UL47 open reading frame (5, 49) . UL47 of HSV-1 is also dispensable for growth in cell culture, although the respective deletion mutant showed considerable impairment in VP65 (␣-TIF)-mediated activation of IE genes of HSV-1 (54). However, HCMV and HSV appear to have evolved distinct mechanisms for the regulation of viral IE genes. It thus will be necessary to investigate RVAd65 for the putative role of pp65 in modulating HCMV IE gene expression by using different MOIs and various cell types.
In summary, we have shown here that one of the dominant constituents of the HCMV virion, pp65, is dispensable for permissive replication of the virus but that there are notable phenotypic alterations. The availability of a pp65 deletion mutant of HCMV will allow the systematic investigation of the role of pp65 in permissive and persistent infection of HCMV in different cell types.
